PLO\S\*\'- One

L)

Check for
updates

E OPEN ACCESS

Citation: Kennett JP, LeCompte MA, Moore CR,
Kletetschka G, Johnson JR, Wolbach WS, et al.
(2025) Shocked quartz at the Younger Dryas
onset (12.8 ka) supports cosmic airbursts/
impacts contributing to North American
megafaunal extinctions and collapse of the
Clovis technocomplex. PLoS One 20(9):
€0319840. https://doi.org/10.1371/journal.
pone.0319840

Editor: Talaat Abdel Hamid, National Research
Centre, EGYPT

Received: November 16, 2024
Accepted: July 30, 2025
Published: September 10, 2025

Copyright: © 2025 Kennett et al. This is an
open access article distributed under the terms
of the Creative Commons Attribution License,
which permits unrestricted use, distribution,
and reproduction in-any medium, provided the
original author and source are credited.

Data availability statement: All relevant
data are within the paper and its Supporting
Information files.

RESEARCH ARTICLE

Shocked quartz at the Younger Dryas onset
(12.8 ka) supports cosmic airbursts/impacts
contributing to North American megafaunal
extinctions and collapse of the Clovis
technocomplex

James P. Kennett'®, Malcolm A. LeCompte?®, Christopher R. Moore®3*c*,

Gunther Kletetschka@®*®®, John R. Johnson®"#, Wendy S. Wolbach?*, Siddhartha Mitra®,
Abigail Maiorana-Boutilier'*, Victor Adedeji''*, Marc D. Young'?®, Timothy Witwer'3,
Kurt Langworthy'#, Joshua J. Razink'#, Valerie Brogden'#, Brian van Devener'¥,

Jesus Paulo Perez'st, Randy Polson's#, Allen West®'®

1 Department of Earth Science and Marine Science Institute, University of California, Santa Barbara,
California, United States of America, 2 Elizabeth City State University, Center of Excellence in Remote
Sensing Education and Research, Elizabeth City, North Carolina, United States of America, 3 South
Carolina Institute of Archaeology and Anthropology, University of South Carolina, Columbia, South
Carolina, United States of America, 4 SCDNR Heritage Trust Program; Land, Water, and Conservation
Division; South Carolina Department of Natural Resources, Columbia, South Carolina, United States

of America, 5 Geophysical Institute, University of Alaska, Fairbanks, Alaska, United States of America,

6 Faculty of Science, Charles University, Prague, Czech Republic, 7 Santa Barbara Museum of Natural
History, Santa Barbara, California, United States of America, 8 Department of Chemistry and Biochemistry,
DePaul University, Chicago, lllinois, United States of America, 9 Virginia Institute of Marine Science,
Gloucester Point, Virginia, United States of America, 10 Brody School of Medicine, East Carolina
University, Greenville, North Carolina, United States of America, 11 Department of Natural Sciences,
Elizabeth City State University, Elizabeth City, North Carolina, United States of America, 12 College of
Humanities, Arts and Social Sciences, Flinders University, Bedford Park, South Australia, 13 Comet
Research Group, Prescott, Arizona, United States of America, 14 CAMCOR, University of Oregon,
Eugene, Oregon, United States of America, 15 Electron Microscopy and Surface Analysis Lab, Nanofab,
University of Utah, Salt Lake City, Utah, United States of America

® These authors contributed equally to this work.
I These authors also contributed equally to this work.
* moorecr@mailbox.sc.edu

Abstract

Shocked quartz grains are an accepted indicator of crater-forming cosmic impact
events, which also typically produce amorphous silica along the fractures. Further-
more, previous research has shown that shocked quartz can form when nuclear
detonations, asteroids, and comets produce near-surface or “touch-down” airbursts.
When cosmic airbursts detonate with enough energy and at sufficiently low altitude,
the resultant relatively small, high-velocity fragments may strike Earth’s surface

with high enough pressures to generate thermal and mechanical shock that can
fracture quartz grains and introduce molten silica into the fractures. Here, we report
the discovery of shocked quartz grains in a layer dating to the Younger Dryas (YD)
onset (12.8 ka) in three classic archaeological sequences in the Southwestern United
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States: Murray Springs, Arizona; Blackwater Draw, New Mexico; and Arlington Can-
yon, California. These sites were foundational in demonstrating that the extinction or
observed population bottlenecks of many megafaunal species and the coeval col-
lapse/reorganization of the Clovis technocomplex in North America co-occurred at or
near the YD onset. Using a comprehensive suite of 10 analytical techniques, includ-
ing electron microscopy (TEM, SEM, CL, and EBSD), we have identified grains with
glass-filled fractures similar to shocked grains associated with nuclear explosions and
27 accepted impact craters of different ages (e.g., Meteor Crater, 50 ka; Chesapeake
Bay, 35 Ma; Chicxulub, 66 Ma; Manicouagan, 214 Ma) and produced in 11 labora-
tory shock experiments. In addition, we used hydrocode modeling to explore the
temperatures, pressures, and shockwave velocities associated with the airburst of a
100-m fragment of a comet and conclude that they are sufficient to produce shocked
quartz. These shocked grains co-occur with previously reported peak concentrations
in platinum, meltglass, soot, and nanodiamonds, along with microspherules, similar
to those found in ~28 microspherule layers that are accepted as evidence for cosmic
impact events, even in the absence of a known crater. The discovery of apparently
thermally-altered shocked quartz grains at these three key archaeological sites
supports a cosmic impact as a major contributing factor in the megafaunal extinctions
and the collapse of the Clovis technocomplex at the YD onset.

Introduction

The onset of the Younger Dryas (YD), a period of abrupt cooling that began 12.8 ka,
closely coincided with two significant events: the sudden extinction of >70% of North
American megafauna (35 genera), including mammoths, camels, horses, and saber-
toothed cats [1,2] and the collapse of the Clovis technocomplex [3], a prehistoric lithic
technological complex associated with Paleoindian populations in North America,
characterized by distinctive fluted projectile points. The Columbian Mammoth (Mam-
muthus columbi) became extinct in North America near the onset of the Younger
Dryas. However, the woolly mammoth (Mammuthus primigenius) became continen-
tally extinct, although some species downsized and survived well into the late Holo-
cene (~4,000 years ago) on a few isolated islands [4]. Understanding the cause of
these dramatic and near-synchronous changes remains crucial for comprehending
past, present, and future climate-ecosystem-human interactions. The trigger of these
events at the YD onset remains controversial and has been variously attributed to
human hunting (overkill hypothesis), climatic change, or the consequences of a major
cosmic impact [1,5-9].

The Younger Dryas impact hypothesis (YDIH) proposes that, ca. 12.8 ka, Earth
encountered debris from a large comet, as posited initially by Firestone et al. in 2007
[1] and later estimated to have been >100 km in diameter [10—15]. This cosmic event
is thought to have produced widespread, low-altitude atmospheric airbursts and/or
impacts that deposited airburst/impact-related materials, including a “spherule layer
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[16,17],” in sediments on five continents forming what is known as the Younger Dryas
Boundary (YDB) layer [1,18,19], marking the onset of a rapid cooling event during the
Late Pleistocene, is dated to ~12,800 cal BP.

Near-surface atmospheric detonations of bolides are hypothesized to produce
high-temperature, hyper-velocity jets of vapor and debris that interact with the Earth
in what are termed “touch-down” [20—22] or “contact” airbursts [21,23], a type of
low-altitude atmospheric explosion in which shockwaves or high-velocity fragments
from a cosmic object interact with the Earth’s surface, potentially generating localized
impact effects. For the YDB impact event, it is proposed that the resulting airburst/
impact-related influx of cometary debris and dust, amplified by widespread biomass
burning, triggered two significant events: an impact winter [10,12,24] and outburst
flooding/iceberg calving that caused significant changes in ocean circulation patterns,
particularly in the North Atlantic. These changes, in turn, are thought to have initiated
the YD climatic cooling episode that affected broad areas of the Northern Hemi-
sphere’s middle to high latitudes and persisted for ~1200 years (12.8 to 11.6 ka) [25].

The sudden, catastrophic biotic extinctions that occurred at or near the YD onset
[1,26] are frequently attributed to climate change or human predation (“overkill”),
even though evidence for these hypotheses remains limited and often contradic-
tory. In contrast, evidence supporting extinctions as resulting from cosmic airbursts/
impacts at the YD onset continues to accumulate. The YDB layer is marked by peak
concentrations of materials (proxies) nearly always found in accepted impact craters,
including platinum (e.g., reported in the Chicxulub crater [27], Clearwater East [28],
and Ries [29]), iridium (e.g., Chicxulub [27,30], Manicouagan [29], and Eltanin [29]),
microspherules (e.g., Chicxulub [31], Sudbury [31], and Chesapeake Bay [32]), melt-
glass (e.g., Chicxulub [31], Sudbury [31], and Chesapeake Bay [32]), nanodiamonds
(e.g., Chicxulub [33] and Ries [34]), carbon spherules (e.g., Chicxulub [35]), and
aciniform carbon/soot (e.g., Chicxulub [36,37] and Manson [38]). Although individual
proxies may result from non-impact processes (e.g., anthropogenesis, volcanism,
and tectonism), the entire suite of proxies has only been reported in known craters
and nowhere else in the geologic record [39,40]. Significantly, the YDB spherule
layer has now been identified at more than 60 stratigraphic sites, covering an area
of >100 million km? across five continents [1,12,24—-26,39, 41-62]. The spherules in
the YDB layer are morphologically and compositionally similar to those in 28 non-
YDB spherule layers identified worldwide [16,17]. Only seven of those have been
positively linked to known impact craters, yet the other 21 spherule layers are widely
accepted as evidence for cosmic impact events, even in the absence of a known
crater [16,17].

Study objectives

The continuing controversy related to the origin of the Younger Dryas and its
potential archaeological and biotic implications led us to search the YDB layer for
shocked quartz, considered a definitive proxy in support of a cosmic impact event.
Here, “shock” is defined as resulting from mechanical and/or thermal alteration of
quartz grains. We chose three key, well-dated archaeological sequences in the
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Southwestern USA (Murray Springs, Arizona; Blackwater Draw, New Mexico; and Arlington Canyon, California) separated
by ~1500 km. The three sites were pivotal in identifying the chronostratigraphic interval marking the terminal megafaunal
extinctions and the collapse of the Clovis technocomplex at the YD onset [2,63—65] and later, the discovery of the coeval
YDB layer [1,44,63].

Our purpose in this study is to present new data on melted silica that typically takes two forms: lechatelierite that melts
at high temperatures or diaplectic glass that forms when quartz transforms into an amorphous state by mechanical pres-
sure rather than through high-temperature melting. These forms of melted silica are referred to here as “glass.”

This study builds on the work of Hermes et al. [66], who reported glass-filled, shock-fractured quartz in Arizona’s
Meteor Crater, the Trinity nuclear airburst in New Mexico, and Russian atomic tests from 1949 and 1953. That study
concluded that glass-filled fractures in quartz are produced during near-surface nuclear events due to high-temperature,
high-pressure alteration when the near-surface nuclear fireball interacts with the Earth’s surface. Hermes et al. [66] further
suggested these features may also form under the low-shock pressure conditions generated during near-surface touch-
down airbursts/impacts, a hypothesis we test here.

Study sites

In our search for shocked quartz, we selected these three locations because each is a well-studied, well-dated, and signif-
icant archaeological and paleontological site (Fig 1). Previous investigations revealed several key features common to all
three sites, which make them ideal for our study:

i) Each site contains a carbon-rich “black mat” layer dating to the early Younger Dryas. This layer typically is enriched in
charcoal, organic material, and algal remains [2].

ii) Underlying or included within the lower black mat is the 12.8 ka YDB layer, characterized by high concentrations of
inferred airburst/impact-related proxies. These include microspherules, nanodiamonds, carbon spherules, soot/acini-
form carbon (a form of combustion residue), platinum, and iridium, such as found at previously known impact events,
including the K-Pg boundary [27,30,31,33,35].
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Fig 1. Site map. Location of study sites in California, Arizona, and New Mexico. The figure was adapted from data provided by the U.S. Geological
Survey (USGS), retrieved from https://apps.nationalmap.gov/viewer/ on 01/28/2025. USGS data are in the public domain. This figure is published under
the terms of the Creative Commons Attribution License (CC BY 4.0).

https://doi.org/10.1371/journal.pone.0319840.9001
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iii) The YDB layer either contains or immediately overlies Clovis-age artifacts and/or human skeletal remains, and impor-
tantly, no such remains have been found above this layer [1]. This stratigraphic distribution aligns with the proposal by
Anderson et al. [3] of a major human population decline and/or reorganization at this time in the Southwestern USA
and across much of the Northern Hemisphere. Notably, no in situ Clovis points have been found above the YDB layer
at these or any other known site, suggesting a cultural collapse/reorganization [1,44].

iv) The black mat and the YDB layer also contain or cover extinct megafaunal remains, including those of mammoths,
saber-toothed cats, American horses, and American camels [1]. As with Clovis artifacts, no in situ extinct megafaunal
remains have been found above the YDB layer at these or any other Clovis site [1,44]. Haynes aptly describes the
abruptness of this change [67]: “The sudden extinction of the Pleistocene megafauna would be dramatically revealed
by explaining that all were gone an instant before the black mat was deposited.”

v) The YDB layer contains evidence that the proposed impact event caused widespread biomass burning and triggered
YD climate change, all of which likely contributed to the megafaunal extinctions and the demise/reorganization of the
Clovis technocomplex [1].

These common features across all three sites provide a robust foundation for investigating the role of a potential cosmic
impact in the dramatic changes observed at the onset of the Younger Dryas.

Blackwater Draw, New Mexico. Located SE of the town of Clovis, New Mexico (Fig 1) (lat/long: 34.275687°N,
103.326101°W), this is the 12.8-ka Clovis type-site where the first Clovis artifacts were discovered. They were found
lying conformably below a distinctive black mat layer that dates to the YD onset (12,875-12,775 cal BP) and marks the
approximate end of the Clovis technocomplex in North America (13,050-12,750 cal BP) [68]. This site’s importance is
underscored by a study that used Bayesian summed probability to reveal a potential several-hundred-year gap across
the Southwestern United States between the end of the Clovis occupation at 12.8 ka and subsequent human occupations
[69]. This prolonged absence of any discernible human activity around Blackwater Draw supports the hypothesis of a
significant, disruptive climatic and environmental event at the onset of the Younger Dryas. Furthermore, it coincides with
the rapid collapse/transformation of Clovis and megafaunal extinctions at other sites across North America [3]. Further
supporting this hypothesis, a nearby Clovis-butchered mammoth skeleton, stained black by the 12.8-ka black mat,
suggests that this animal was killed at or just before the YDB event [1,44]. Importantly, no extinct megafaunal remains or
Clovis artifacts have been found above this site’s YDB layer and black mat [2].

Murray Springs, Arizona. Located east of Sierra Vista (Fig 1) (lat/long: 31.570912°N, 110.177996°W), this site
displays compelling evidence for the sudden extinction of megafauna at the onset of the Younger Dryas. The site features
a black layer dated to 12.8 ka with remains of extinct megafauna below but not above it, marking the megafaunal
extinction. This location is particularly significant as one of the earliest recorded megafaunal kill-sites [2] associated with
terminal Clovis artifacts [2] and is closely associated with the YDB layer. A key piece of evidence is a butchered, fully-
articulated mammoth skeleton excavated with Clovis points lying among the bones. The skeleton was stained black by
contact with the overlying and conformable black mat [1,44]. Haynes concluded that the mammoth had been butchered
no more than a few weeks before the deposition of the black mat [2], an interval in which the YDB proxies were deposited.
Adding to the site’s significance, Haynes and colleagues discovered hundreds of mammoth footprints infilled by black mat
sediments [1,70]. These footprints were preserved by rapid burial soon after the YDB event [1], providing a rare glimpse
into the immediate aftermath of the proposed impact event.

As at Blackwater Draw, archaeological and stratigraphic data from Murray Springs offer strong support for a collapse/
transformation of the Clovis technocomplex at the YD onset, consistent with a proposed human population decline for
North America immediately following Clovis at 12.8 ka [3]. Haynes [67] suggested a post-Clovis hiatus of 2500 years in
human occupation at and around Murray Springs, while Ballenger et al. reported an even longer 1,400-year hiatus in the
post-Clovis archaeological record of southeastern Arizona [71]. Based on an analysis of radiocarbon dates, Surovell et al.
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[72] similarly reported a possible 100-year gap between terminal Clovis and the earliest Folsom evidence. Although this
does not conclusively indicate that no humans were in the region at that time, it suggests a significant population decline.

The wealth of evidence at Murray Springs, including the disappearance of Clovis hunters, the abrupt extinction of
megafauna, and the preservation of mammoth footprints, makes it an invaluable location for investigating the role of a
potential cosmic impact in the dramatic changes observed at the onset of the YD.

Arlington Canyon, Santa Rosa Island, California. Located on California’s Channel Islands (Fig 1) (lat/long:
33.990333°N, 120.1580555°W), this site offers unique insights into the Younger Dryas event due to its isolated location.
Two femora from a Clovis-era human, the so-called Arlington Man (13,070-12,755 cal BP) [65], were found downstream
at nearby Arlington Springs. These remains were discovered directly beneath the stratigraphic unit identified by Haynes
[2] as a Clovis-age black mat. Notably, this represents one of the only two known Clovis-age human skeletons described
in a clear stratigraphic context [65,68]. Supporting the hypothesis of the Clovis cultural collapse, an apparent 600-800-
year gap has been documented between the age of the Arlington Springs skeleton and subsequent evidence of human
occupation on the island [63], although the gap is~100 years at mainland sites across the western United States [72].
This hiatus is particularly significant given the island’s location, which could have served as a potential refuge for humans
and animals.

The Channel Islands’ isolated setting also provides a unique perspective on megafaunal extinction. Fossil records indi-
cate that full-sized mammoths (Mammuthus columbi) first colonized these islands during the Late Quaternary, after which,
in response to the limited range imposed by sea level changes, they evolved into pygmy mammoths (Mammuthus exilis).
This insular megafaunal species then became extinct at ~12.8 ka [63,73], coinciding with the proposed Younger Dryas
event.

The combination of well-preserved human remains, a clear occupational hiatus, and the extinction of an isolated mam-
moth population makes Arlington Canyon a crucial site for investigating the effects of a potential cosmic impact.

Radiocarbon dating

Kennett et al. [48] previously used Bayesian analyses to develop modeled ages for the YDB layer at the three sites:
Arlington Canyon, California: 12,805+ 55 cal BP; Blackwater Draw, New Mexico: 12,775+ 365 cal BP; and Murray Springs,
Arizona: 12,750+ 235 cal BP.

These ages overlap Kennett et al.’s proposed YDB age range of 12,835-12,735 cal BP, using the IntCal13 calibration
curve. This age range was updated using IntCal20, shifting calibrated ages across the YDB interval approximately 40
years older to 12,875-12,775 cal BP. For details, see SI, Table S1 in S1 File. The mean age change with this shift is minor
at ~25 years. Thus, throughout this study, we continue to use 12,800 cal BP (12.8 ka) as the mean age of the YDB event,
along with the revised age range of 12,875-12,775 cal BP.

To address critics who claim to refute synchroneity, we calibrated key radiocarbon ages from Kennett et al. [48] using
the IntCal20 curve but without using Bayesian modeling. Our results show that the YDB ages for the three sites remain
within the revised YDB age of 12,875-12,775 cal BP (Fig 2). These findings contradict those previous studies [74—78]
and continue to support the hypothesis that the ages of these three YDB layers are synchronous at 12,875-12,775 cal
BP within radiocarbon uncertainties at both the 68.3% and 95.4% Confidence Interval (Cl). For details, see Supporting
Information, Tables S2-S4 in S1 File.

To further evaluate whether three calibrated radiocarbon dates represent a single, synchronous event, we applied a
chi-squared (x?) test of homogeneity. A weighted mean was first calculated using the inverse variance method, yielding a
mean age of 12,801.6 cal BP, consistent with the 12,800 cal BP age proposed by Kennett et al. [48]. The resulting chi-
squared statistic is x*=0.057 with 2degrees of freedom. The associated p-value is 0.972, indicating no statistically signif-
icant difference among the dates. These results support the interpretation that the three dated samples are statistically
indistinguishable and plausibly represent a synchronous depositional episode.
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Fig 2. Calibrated ages of the YDB layer at the three sites. Each figure shows the mean calibrated age as a white dot with thin black bars indicat-

ing the mean uncertainties. Dark gray bars represent a 68.3% Confidence Interval (Cl), and the lighter gray bars represent a 95.4% CI. The vertical
red-bordered yellow bands indicate the revised YDB age range of 12,875-12,775 cal BP. All dates for the three sites overlap the predicted age range,
supporting a synchronous YDB age within radiocarbon uncertainties of 68.3% and 95.4% Confidence Interval (Cl). See SI, Tables S2-S4 in S1 File.

(A) Arlington Canyon, California: the upper date (range: 12,965-12,715 cal BP) at 482.5cm matches the upper abundance peaks in reworked micro-
spherules and carbon spherules. The lower date (range: 13,070-12,840 cal BP) at ~500.5cm corresponds to the most prominent YDB proxy peaks. (B)
Blackwater Draw, New Mexico: Three dates (ranges: 12,970-12,725 cal BP; 13,055-12,490 cal BP; and 12,895-12,485 cal BP) are for a unit interpreted
as a black mat by Haynes [2] (age of 13,060-12,735 cal BP [64,79]. This unit contains YDB proxies, Clovis projectile points, and extinct megafaunal
remains [1]. (C) Murray Springs, Arizona: The black mat layer, dating to 12,895-12,735 cal BP, calculated from eight radiocarbon dates by Haynes [2],
contains YDB proxies co-occurring with Clovis projectile points and megafaunal remains [1]. All radiocarbon dates were calibrated using OxCal v4.4.4
[80] with IntCal20.

https://doi.org/10.1371/journal.pone.0319840.9002

Materials and methods

We employed 10 complementary analytical techniques needed for reliable identification of glass-filled quartz lamellae, cru-
cial indicators of shock metamorphism [19,81,82]. In addition, we performed hydrocode modeling, a numerical simulation
technique that applies conservation equations to model material responses under high-pressure, high-velocity conditions,
to explore the requisite parameters to produce shock metamorphism. This protocol includes using standard procedures for
the following methods (for more details, see Sl). Note: Most quartz grain fractures were indexed using a universal stage,
but others could not be because of temperature-induced distortions [83,84] caused previously parallel and planar lamel-
lae to become subparallel and subplanar, i.e., they display glass-filled lamellae that are slightly curved but approximately
planar and aligned in roughly parallel orientations.

1) Optical transmission microscopy (OPT): Uses crossed polarizers to identify isotropic areas (e.g., melted silica) in quartz
grains.

2) EPl-illumination microscopy (EPI): Reveals if a fracture is open or filled, but not the nature of the filling material.
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3) Scanning electron microscopy (SEM): Reveals if fractures are filled with material without determining its composition
or if it was melted.

4) Energy dispersive spectroscopy (SEM-EDS and TEM-EDS): Determines the elemental composition of fracture-filling
material (e.g., melted silica, hydrated silica, carbon, other minerals, or polishing compounds) but not if it is melted.

5) Focused ion beam milling (FIB): Produces thin, multi-nm-thick slices of quartz for crystallinity analysis using the TEM.

6) High-resolution transmission electron microscopy (HRTEM): Reveals glass-filled fractures and distinguishes between
crystalline and amorphous quartz. Also, it can measure Miller-Bravais crystallographic indices (hkil) for comparison
with known indices for shocked quartz. The (hkil) system is a four-index notation used to describe crystallographic
planes and directions in hexagonal crystal systems such as quartz

7) Scanning transmission electron microscopy (STEM): Determines if fractures are filled with material but not its
composition.

8) Selected area diffraction (SAD), fast-Fourier transform (FFT), and inverse fast-Fourier transform (IFFT): Generate
patterns to reveal which parts of a quartz grain are amorphous and which are crystalline.

9) Cathodoluminescence (CL): Differentiates between amorphous and crystalline areas of quartz grains; non-luminescent
(black) areas indicate melted silica [85—-87].

10) Electron backscatter diffraction (EBSD): Differentiates between amorphous and crystalline areas of quartz grains and
identifies damage to the crystalline lattice.

11) Hydrocode modeling, a computer simulation of impact forces: Calculates the theoretical temperatures, pressures, and
shockwave velocities associated with an airburst of a 100-m comet fragment.

Results

This section documents our analyses of shocked and glass-filled, fractured quartz in the three stratigraphic locations using
the analytical techniques summarized in the Methods section.

To provide stratigraphic context, we first present graphical representations (Figs 3—5) showing the distribution
and abundance peaks of selected previously recorded YDB proxies. These include microspherules, nanodiamonds,
carbon spherules, black carbon/aciniform carbon (a form of combustion residue), platinum, and iridium. We compare
these previously established proxy records with the distribution of glass-filled fractured quartz identified in this study.
Following this presentation of context, we present our new evidence for fractured quartz containing melted silica
(Figs 6—11).

Investigations of shock metamorphism

After producing thin-sectioned slides, we used transmitted-light optical microscopy (OPT) to identify quartz grains that dis-
play multiple oriented and filled fractures (Fig 6) and contain domains of amorphous material. Such grains were rare but
consistently present in YDB samples and were not observed above or below. Once candidates were identified, we used
various analytical techniques to investigate whether any material filling the fractures was melted silica, a key indicator of
shock metamorphism [91,92].

Yellow arrows point to other lamellae and fractures. “G” marks melted silica coating the outside of some grains and
filling some large fractures. SEM-EDS confirms that the material is not quartz cement or overgrowth.

TEM-EDS and SEM-EDS analyses revealed that fracture filling is dominated by silicon and oxygen, which comprise
98-99 of the total wt% (Sl, Figs S1-S3 in S1 File). The wt% of oxygen in the fracture fillings is below or equal to the
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stoichiometric value of quartz (53 wt%). This contrasts with hydrated silica at ~66 wt% oxygen, thus indicating that only
normal crystalline quartz or melted silica is present, rather than quartz overgrowth (hydrated silica or hyalite).

High-resolution TEM was used to search for fractures potentially filled with melted silica (Figs 7-8). FIB foil extraction
areas are shown in Sl, Figs S4-S6 in S1 File, with additional TEM figures in SI, Figs S7-S9 in S1 File Using TEM and
STEM, we observed that nearly all fractures in the quartz grains of this study contain material later identified as melted
silica using other analyses. The fractures also often displayed filled inclusions or vesicles containing melted silica or gases
[93]. TEM-measured Miller-Bravais crystallographic indices (hkil) for shocked quartz are marked and labeled as planar
deformation features (PDF, ranging from <1-2 ym) or planar fractures (PF, ranging from 5 to >10 uym). These indices are
commonly observed in shocked quartz grains [81]. Yellow arrows point to other lamellae and fractures.

Although short-range crystallinity is present, these areas collectively fail to produce a distinct diffraction pattern using
selected area diffraction (TEM-SAD) and fast-Fourier transform (FFT), which create a diffuse halo for quartz grains
instead of a spot pattern (Fig 8; Sl, Fig S7 in S1 File). These techniques provide strong evidence for the loss of long-range
atomic order, meaning the quartz is amorphous. This melted silica typically transitioned into crystalline quartz across sev-
eral hundred nanometers on each side of fractures.

We also performed IFFT analyses to investigate possible crystalline damage (Fig 8; Sl, Fig S7 in S1 File). We often
observed portions of the IFFT images that appeared dark or black, indicative of partial or complete damage to the crystal-
line structure, consistent with melted quartz, while the lighter areas represent short-range, nanometer-sized crystallinity.

Backscatter secondary electron (BSE) analyses revealed glass-filled fractures within quartz grains, predominantly
appearing as sub-linear features, with some displaying curvilinear shapes (Figs 9-10). The SEM-BSE imaging provided
a broader view of fracture networks than TEM, allowing us to observe their distribution and morphology across larger
grain areas. However, to conclusively identify and characterize the material filling the fractures as being amorphous, we
employed a suite of complementary techniques: transmission electron microscopy (TEM), inverse fast Fourier transform
(IFFT), energy dispersive spectroscopy (EDS), and electron backscatter diffraction (EBSD). This multi-technique approach
allowed us to confirm the amorphous nature of the fracture-filling material at various scales and from different analytical
perspectives.

Non-shocked quartz lattice under cathodoluminescence (CL)—a technique in which electron beam excitation reveals
compositional or structural differences through light emission—typically luminesces blue due to intrinsic defects in its crys-
tal structure [85—87,94]. The absence of luminescence (black or dark coloration) in quartz grains indicates the presence of
melted silica, which lacks the ordered structure necessary for luminescence [85—-87]. Importantly, we observed that some
structures within the non-fractured quartz matrix also exhibit black luminescence independent of fractures, indicating the
presence of melted silica within the matrix itself. This is demonstrated in the comparative CL and SEM images in Fig 10
(e.g., 10A compared to 10B; 10C to 10D). Because natural, open fractures also appear black in CL, confirmation of melted
silica using alternative methods such as TEM is necessary to avoid misinterpretation. In some instances, unmelted quartz
can exhibit red luminescence [95], which previous studies [85-87,94] interpreted as evidence for prior heating or melting
followed by recrystallization of the melted silica (see Fig 10A, C, E, G, H, K.).

Electron Backscatter Diffraction (EBSD), a scanning electron microscope technique used to determine crystallographic
orientation and detect lattice deformation in minerals, was employed to identify quartz grains with significant crystalline
damage. Quartz grains from all three sites display closely spaced fracturing indicative of significant lattice damage (Fig
11).

To assess whether the observed frequencies of shocked quartz grains differ significantly among three independent
stratigraphic sites, we performed a chi-squared (x?) test of independence using counts of shocked versus unshocked
grains. The test included data from Arlington Canyon (5 glass-filled shocked grains of 8000 for 0625% shocked), Mur-
ray Springs (4 of 3000 for 0.133%), and Blackwater Draw (7 of 18,000 for 0.039%). The analysis yielded x*=4.27 with
2degrees of freedom and a p-value of 0.118. Because the p-value (0.118) exceeds the standard significance level of
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0.05, there is insufficient statistical evidence to reject the null hypothesis that the observed differences in shocked quartz
frequencies are due to random variation rather than systematic differences among sites.

To summarize, multiple analyses confirm the presence of typically sub-micron-thick bands of melted silica (glass) within
subplanar, subparallel lamellae of quartz grains. SEM-EDS confirms that the filling material is stoichiometric quartz; optical
microscopy reveals the material to be isotropic; and SAD, FFT, IFFT, and EBSD analyses indicate the material is either
amorphous or its crystalline structure is heavily damaged.

Discussion

We conducted a multi-faceted, high-resolution investigation of glass-filled fractured quartz in the YDB layer (12.8 ka; onset
of YD) for three key well-dated archaeological sequences in the Southwestern United States (Figs 1-5). The sites were
chosen because of clear stratigraphic and chronological records for the timing of major megafaunal extinctions and the
collapse of the Clovis technocomplex at the onset of YD climate change. The YDB layer at the three sites was previously
interpreted as resulting from multiple airbursts/impacts from large comet fragments based on peak abundances of inferred
airburst/impact-related proxies [1,63] (Figs 3-5). This interpretation stimulated our search for glass-filled, shocked quartz
grains (Figs 6-11), commonly considered strong evidence supporting a cosmic impact.

Disputed evidence for the YDB impact event

The validity of the previous evidence for these three YDB sites and others has been challenged [76—78], but those criti-
puted the presence of a YDB microspherule peak at Arlington Canyon, but based on their published figures, dates, and
descriptions, they conducted discontinuous sampling and did not sample the YDB layer [39,97-99], thus explaining why
they did not find a peak. Surovell et al. [101] did not observe a YDB microspherule peak at Blackwater Draw but did not
use SEM-EDS to investigate the microspherules, as specified by Firestone et al. [1] In contrast, LeCompte et al. [42] and
Andronikov et al. [58] independently confirmed the presence of microspherules at Blackwater Draw.

Scott et al. [102] claimed that the carbon spherules at Arlington Canyon are fungal sclerotia or arthropod coprolites, and
although some might be, their general claim was refuted by the presence on and within the carbon spherules of nano-
diamonds, which are not produced biologically [54]. Also, carbon spherules have been reported within ~12,800-year-old
Greenland ice [12], an occurrence that is difficult to attribute to insects and fungi.

Daulton et al. [103] claimed that YDB researchers misidentified copper or graphene particles as YDB nanodiamonds
and that there are no abundance peaks of nanodiamonds in strata at any YDB site. Problematically, Daulton et al. [103]
and Scott et al. [102] used the same discontinuous samples that Pinter et al. [100] used, which do not include the YDB
layer. Refuting Daulton et al., Tian et al. [104] independently reported an abundance peak in cubic nanodiamonds in
YDB-age sediment in Belgium and found none above or below the YDB. Furthermore, Bement et al. [105] independently
reported an abundance peak in YDB nanodiamonds at a YDB site in Oklahoma. Moore et al. [106] also reported them in
Syria, with evidence that the nanoparticles are crystalline diamonds, not copper or graphene.

Several researchers [74—78] claimed that radiocarbon ages at these three and most other YDB sites do not support
the synchroneity needed to support the Younger Dryas impact hypothesis [74—77]. However, Kennett et al. and others
[48,97-99] showed that the ages of the various sites statistically overlap at a 95.4% Confidence Interval, making them
synchronous within the uncertainties of radiocarbon dating.

Shock metamorphism in known impact craters

Shocked quartz is typically identified by specific features, primarily planar fractures (PFs) [31,66,107] and planar defor-

and spaced a few microns apart. Most importantly, PDFs contain amorphous silica [66] that forms by high-pressure,
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Fig 3. YDB proxies for Arlington Canyon, Santa Rosa Island (A, B), California, USA. This figure summarizes the stratigraphic context and proxy
evidence for a potential Younger Dryas impact event near Arlington Canyon, a well-dated coastal site on Santa Rosa Island. (A) Location in South-
western USA (lat/long: 33.990333°N, 120.1580555°W). (B) Aerial view of the site. (C) This profile is exposed on a 5-m-high cliff of a low terrace cut by
a stream ~2 km inland from the NW coast of Santa Rosa Island. Detailed stratigraphy and chronology are in Kennett et al. [63]. The 44-cm-thick YDB
layer at the cliff base contains proxy abundance peaks in a black silty mud layer. (D) All proxy abundance peaks are significantly higher than back-
ground concentrations. The darker blue horizontal bar represents the YDB layer with a Bayesian-modeled radiocarbon age of 12.8 ka (revised range:
12,875-12,775 cal BP) [48]; the lighter blue bar represents the upward distribution of YDB proxies considered to be reworked (Sl, Table S5 in S1 File).
The graph depicts a new proxy from this study: glass-filled fractured quartz at an abundance of 5 grains in ~8,000 quartz grains on a 27 x 46 mm slide
with none above. Other proxies from previous studies: (E) Microspherules from Wittke et al. [44]. (F) Nanodiamonds [49,54,88]. (G) Carbon micro-
spherules from biomass burning [44,63]. (H) Soot/aciniform carbon from biomass burning [12,24,89]. (I) Platinum [45]. Panel A is courtesy of the U.S.
Geological Survey, accessed at https://apps.nationalmap.gov/viewer/ on 01/28/2025. Panel B is courtesy of the Library of Congress, Prints and Photo-
graphs Division, the Jon B. Lovelace Collection of California Photographs in Carol M Highsmith’s America Project; the photo is in the public domain.

https://doi.org/10.137 1/journal.pone.0319840.9003

solid-state shock deformation of the quartz crystal lattice, rather than by melting mechanisms. In contrast, PFs are typ-
ically spaced more than a few microns apart and are likely caused by tensile fracturing (spallation) [116—118]. Although
PFs are commonly open fractures, they are sometimes filled with melted silica, which, unlike diaplectic glass, results from
high temperatures rather than solid-state shock deformation. The presence of amorphous silica is a characteristic that
makes these forms of shocked quartz reliable indicators of cosmic impact events [81]. Indeed, French and Koeberl [31]
emphasized the major importance of melted silica in identifying shock-metamorphosed rocks, further underscoring its
significance in impact studies.
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Fig 4. YDB proxies at Blackwater Draw, New Mexico, USA. This figure presents stratigraphic and geochemical evidence for a potential impact event
near Blackwater Draw, the type-site for the Clovis culture and a key location for investigating the YDB layer. (A) Location in Southwestern USA (lat/long:
34.275687°N, 103.326101°W). (B) Aerial view of site, overlaid on a 3D digital elevation model (DEM). This is the initial Clovis artifact discovery site, 18
km SE of Clovis, New Mexico. The sampling location is inside the South Bank Interpretive Center. Haynes [2] reported that the black mat at this site
dates to 12,855+ 80 (13,060-12,735 cal BP) [64,79]. YDB abundance peaks in YDB proxies exceed background concentrations. The blue horizontal bar
marks the YDB layer with a Bayesian-modeled radiocarbon age of ~12.8 ka (revised range: 12,875-12,775 cal BP), calculated using probabilistic meth-
ods that incorporate stratigraphic constraints and prior information to refine radiocarbon date estimates (Sl, Table S6-S7 in S1 File). (C) The YDB layer
is a 1-cm-thick dark-gray stratum (arrow) at a~2.5 m depth. Abundance peaks in various proxies occur in the YDB layer. The new proxy reported here is
(D) Glass-filled fractured quartz at 7 grains in ~18,000 quartz grains on a 27 x 46 mm slide with none above or below. Other proxies from previous stud-
ies: (E) Microspherules [1,44,58]. (F) Nanodiamonds [54]. (G) Carbon microspherules from biomass burning [12,24,44]. (H) Black carbon from biomass
burning [12,24,89]; and (l) Platinum [45,58]. A nearby butchered mammoth skeleton, stained black by the 12.8 ka black mat, indicates the animal was
killed at or close to the time of the YDB event [1,44]. No in situ Clovis points or mammoth remains have been found above the YDB layer here or at other
known sites [1,44]. The figure is from the U.S. Geological Survey, composited from NAIP Plus aerial imagery, 3DEP Elevation multi-directional hillshade
data, and 3DEP elevation aspect data, accessed at https://apps.nationalmap.gov/viewer/ on 01/28/2025.

https://doiorg/10.1371/journal.pone.0319840.g004

Questions arise as to whether curved lamellae (i.e., subplanar and subparallel) such as those observed in this study
have been observed in known impact craters, and if so, are they considered proper examples of shock metamorphism?
Although most shocked quartz research has focused on straight and parallel planar shock features, a significant body of
literature describes less-studied subplanar shock metamorphic features similar to those in this study. These subplanar
features are accepted as impact indicators, for example: (i) kinkbanding, in which axial pressures distort pre-existing
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Fig 5. YDB proxies at Murray Springs, Arizona, USA. This figure illustrates the stratigraphic setting and proxy evidence for a potential Younger
Dryas impact event near Murray Springs, a key Clovis archaeological site with well-preserved megafaunal and cultural remains. (A) The location is

in the Southwestern USA (lat/long: 31.570912°N, 110.177996°W), 10 km east of Sierra Vista, Arizona. (B) Aerial view of the site, composited with a
false-colored map showing the terrain slope. (C) The black mat at ~2.46 m is immediately above the ~1 cm-thick YDB layer, which contains abundance
peaks in YDB proxies. Haynes [2] reported that the black mat at this site dates to 12,805+45 (12,895-12,735 cal BP), with a Bayesian-modeled radio-
carbon age of ~12.8 ka (revised range: 12,875-12,775 cal BP) (Sl, Table S8 in S1 File). The new proxy reported here is (D) Glass-filled fractured quartz
at 4 grains in ~3,000 quartz grains on a 27 x 46 mm slide with none above or below. YDB abundance peak concentrations are represented by the blue
horizontal bar and mark the YDB layer. Other proxies reported from previous studies are (E) Microspherules [44]. Haynes et al. [90] confirmed the peak
in microspherules but offered an alternate explanation. (F) Nanodiamonds [54]. (G) Carbon microspherules are produced by biomass burning [12,24,44].
(H) Soot/aciniform carbon (black carbon) from biomass burning [12,24,89]. () Platinum [45]. Clovis-age projectile points, tools, and a campsite were
found in the proxy-rich YDB layer at the site [2]. A butchered, fully-articulated mammoth skeleton, found in the YDB layer just below the black mat and
stained black by contact with it, indicates the animal was killed at or near the time of the YDB event [1,44]. No in situ Clovis points or mammoth remains
have been found above the YDB layer at this or any other site [1,44]. Figure is from the U.S. Geological Survey, composited from NAIP Plus aerial imag-
ery, 3DEP Elevation multi-directional hillshade data, and 3DEP elevation aspect data, accessed at https://apps.nationalmap.gov/viewer/ on 01/28/2025.

https://doizorg/10.137 1/journal.pone.0319840.9005

planar deformation features (PDFs) [119,120]; (ii) thermally altered curved lamellae (e.g., ballen structures), in which high
temperatures caused plastic deformation [119,121-123]; and (iii) feather features (Fig 12f) that form from stress-induced
shearing along a planar fracture with spacings similar to that of PDFs [124].

To investigate further, we identified 21 peer-reviewed articles by 53 authors with evidence of subplanar and subpar-
allel fracturing in quartz from 27 known craters, including Chesapeake Bay, Chicxulub, Charlevoix, Clearwater West,
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Fig 6. Optical transmission microscopy (OPT) and epi-illuminated microscopy (EPI). Photomicrographs of fractured quartz grains from the YDB
layer (12.8 ka) at three sites. (A-C) Arlington Canyon; (D-F) Blackwater Draw; (G-l) Murray Springs. The panel text identifies grain identification numbers
and diameters. TEM-measured Miller-Bravais crystallographic indices (hkil) for shocked quartz are marked and labeled as planar deformation fea-

tures (PDFs), which are microscopic, parallel lamellae in quartz that form under high-pressure shock conditions typically associated with hypervelocity
impacts; these features range in width from less than 1 to 2 micrometers. Planar fractures or PFs range from 5 to >10 ym.

https://doi.org/10.137 1/journal.pone.0319840.9006

Manicouagan, Ries, Vredefort, and Meteor Crater. We republished selected examples in Fig 12 with additional details in
Table 1. Refuting claims that curved lamellae cannot be examples of shock metamorphism, most of these independent
papers are authored by established shocked quartz researchers: for example, Reimold (authored 11 articles), Koeberl (7),
French (5), Langenhorst (2), and Stoéffler (1). Using varying terminology, the 21 publications all describe subplanar, sub-
parallel features that typically contain glass (Table 1), and they attribute the fractures to shock metamorphism.

In addition, Bunch [118] produced thin-sectioned slides of impact material from 11 impact craters, identified shocked
quartz, and reported glass-filled, subplanar, subparallel fracturing. Bunch made the slides available to us before he
passed away, and we imaged curved shock fractures using crossed polars to reveal isotropy, an indicator of the likely
presence of melted silica (see new images from the work of Bunch in Fig 13, Table 1). Each of the panels in Fig 13 shows
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Fig 7. Transmission electron microscopy (TEM) images reveal glass-filled fractures. Photomicrographs of glass-filled fractured quartz grains from
the YDB layer (12.8 ka) at the three sites. Grain numbers are shown. (A-C) Arlington Canyon. (D-F) Blackwater Draw. (G-1) Murray Springs. In the left-
hand column, gold arrows indicate glass-filled fractures in TEM images. Panels A and D display the left-hand half of the FIB foil at the top of each panel
and the right-hand half of the foil below. The middle and right-hand columns show close-up TEM images of fractures from each grain’s FIB foil. Areas of
melted silica (glass) are denoted by “G.” The presence of glass was confirmed using EDS, SAD, FFT, and IFFT. TEM-measured Miller-Bravais crystal-
lographic indices (hkil) are marked: {1011} for Arlington Canyon, {1010} and {1121} for Blackwater Draw, and {2131} for Murray Springs. Yellow arrows
point to other lamellae and fractures.

https://doi.org/10.1371/journal.pone.0319840.9007

PLOS One | https://doi.org/10.1371/journal.pone.0319840 September 10, 2025



https://doi.org/10.1371/journal.pone.0319840.g007

A Arlington Canyon SAD

»
»

10 1/nm : e ' ' Black = glass

G Murray Springs SAD |F

Fig 8. Transmission electron microscopy (TEM), selected area diffraction (SAD), fast-Fourier transform (FFT), and inverse fast-Fourier trans-
form (IFFT) images reveal melted silica. Images of glass-filled, fractured quartz grains from the YDB layer (12.8 ka) at three sites: (A-C) Arlington Can-
yon; (D-F) Blackwater Draw. (G-l) Murray Springs. The left-hand column shows SAD or FFT images depicting the diffraction pattern for each grain. The
three yellow crossing lines reveal the extent of the diffuse halo produced by melted silica, confirmed by EDS, SAD, FFT, and IFFT analyses. The middle
column displays close-up TEM images of glass-filled fractures from each grain’s FIB foil. The right-hand column shows IFFT images for each grain in the

left-hand and middle columns.

https://doi.org/10.1371/journal.pone.0319840.9008
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Fig 9. Scanning electron microscopy (SEM) images showing HF-etched glass-filled fractures. Images from the 12.8-ka YDB layer at three sites.
Yellow arrows indicate glass-filled fractures. (A-C) Arlington Canyon, (D-F) Blackwater Draw, and (G-l) Murray Springs. These images, captured using
SEM in backscattered electron (BSE) mode, depict HF-etched quartz with visible lamellae containing melted silica, as verified with TEM, IFFT, EDS, and
EBSD analyses.

https://doi.org/10.1371/journal.pone.0319840.9009

curved fractures and domains of isotropic material. We found subplanar fractures prevalent at ~50% to 90% of grains
surveyed; the remaining grains displayed mostly classic planar, parallel lamellae (PDFs and PFs).

Typical shock lamellae were indexed, but the subparallel, curved YDB fractures reported in this study cannot be accu-
rately indexed with a universal stage, so, they cannot be rigorously identified as PDFs or PFs. However, we conclude they
closely resemble the subplanar varieties of glass-filled shocked quartz from known impact craters (Figs 12-13, Table 1).

For the planar lamellae in grains from each site, we used TEM to measure Miller-Bravais crystallographic indices (hkil) that
align well with the observed fractures: {1011} and {1010} for Arlington Canyon, {1010} for Blackwater Draw, and {2131}

for Murray Springs. These indices are commonly observed in shocked quartz grains [81] and are mostly dissimilar to
those found in tectonic lamellae, which typically are parallel to or within a few degrees of the c-axis [125,126]. Therefore, it
is possible and plausible that these YDB glass-filled, fractured quartz grains resulted from shock metamorphism.
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Fig 10. Comparison of Cathodoluminescence (CL) and Scanning Electron Microscopy (SEM) showing the presence of melted silica. The
figure presents images of YDB quartz grains from Arlington Canyon (ARL), Blackwater Draw (BWD), and Murray Springs (MS). Pairs of images labeled
(A-B) through (K-L) correspond to the same views of specific grains from each site using CL and SEM. The 1%t and 3 rows show colored CL images
highlighting non-luminescent (black) lines marked with yellow V-shaped arrows. Reference points, like #1 and #2, assist in comparing the same features
in both CL and SEM images. The red-orange hues in the CL images indicate quartz grains that were exposed to partial to complete melting, followed

by recrystallization of the quartz matrix. The 2" and 4t rows show grayscale SEM-BSE images of the same grains. Yellow V-shaped arrows and blue
numbers in these images align with those in the CL images. Notably, some fractures indicated in the CL images are not visible in SEM images, although
nearby fracturing is intermittently observed. This absence of visible fractures indicates the presence of melted silica within the quartz matrix, demonstrat-
ing that high-temperature melting sometimes occurs independently of the fracturing process.
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Fig 11. Electron Backscatter Diffraction (EBSD) Analysis. Images from the 12.8-ka layer at the three sites. (A) EBSD SEM image of grain #27x-06
from Arlington Canyon (AC) displaying fracture lines. (B) EBSD IQ (“image quality,” a measure of the intensity and sharpness of the observed bands in
EBSD patterns) image depicting the extent of internal fracturing in the same grain as in panel A. An index key indicating the amount of misorientation
(0-5degrees) is shown at the lower right (see Sl, Additional Methods). The wide range of colors indicates significant lattice damage. (C) EBSD GROD
(“grain reference orientation deviation;” shows the orientation heterogeneities that occur during deformation) exhibiting lattice orientations across the
same grain, as in panel A. The index key indicating the crystallographic orientation in degrees is provided at the lower right. The wide range of colors
indicates significant lattice damage. (D) EBSD SEM image of grain #08x-07 from Blackwater Draw (BWD) shows fractures as dark lines. (E) EBSD IQ
(“image quality”) represents the degree of misorientation in the same grain as in panel D with an index key for degrees at the lower right. (F) EBSD

PLOS One | https://doi.org/10.1371/journal.pone.0319840 September 10, 2025 19/41




PLOS Y one

GROD (“grain reference orientation deviation”) illustrates lattice misorientations across the same grain as in panel D with an index key at the lower right.
(G) EBSD SEM image of grain #18x-08 from Murray Springs (MS) revealing fractures. White rectangles highlight areas where FIB foils were extracted
for TEM analysis. (H-I) EBSD IQ (“image quality”) images demonstrating the degree of fracturing in the same grain as in panel G with the index key of
degrees at the lower right.

https://doi.org/10.1371/journal.pone.0319840.9011
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Fig 12. Optical images of subplanar, subparallel fractures in quartz from known craters. Includes direct quotes indicating these resulted from
shock metamorphism. Yellow arrows mark selected “curved” lamellae. (A) Wyoming crater, USA; a newly discovered crater field, displaying “shock lithi-
fication” and “tensile fracturing.” (B) Vredefort, South Africa; “shock features” distorted during “post-impact thermal metamorphism” [133]. (C) Chicxulub
crater, Mexico; “kinkbanding” in “shocked quartz’ [119]. (D) Libyan Desert Glass, Egypt; “well-developed FFs [curved feather features] along PFs [planar
fractures].” [130]. (E) Tall e-Hammam, Jordan; an airburst/impact event, displaying “narrowly spaced, short, parallel-to-subparallel lamellae” [134,135].
(F) Abu Hureyra, Syria: an airburst/impact event displaying “quartz grains with sub-planar, sub-parallel, and sub-micron- wide intragranular fractures”
[18]. All images are usable under Creative Commons, CC by 4.0 (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1371/journal.pone.0319840.9012
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Table 1. Cratering studies that describe subplanar, subparallel shock fracturing. List of 21 of 27 known craters (6 are listed in Table S9 in

S1 File). The italicized direct quotes describe glass-filled, subplanar, subparallel fractures. Our added comments are in brackets. Estimated
pressures (GPa) range from ~2 to 15.

Crater Country | Authors Authors’ quotes of subplanar and/or glass-filled shock Est. Original Our
fractures GPa Fig # Fig.
Australasian Indo- Campanale, Folco, [shows image of fractured, shocked grain] <15 2
china Glass, et al. [127]
Charlevoix Can- Trepmann, Spray [122] “bent planar deformation features (PDFs) ... continuous bend- low 1
ada ing of the crystal lattice”
Chesapeake MD, Amare [128] “fracture patterns resulting from low-pressure shock 8-10 3b
Bay USA metamorphism”
Chicxulub Mexico | Ferriere, Feignon, Ler- “kinkbanding [subparallel fractures]* 12- 1 12C
oux, Koeberl [120] 15
Clearwater Can- Bunch [118] “highly fractured quartz; numerous kink [curved] and deforma- low [this paper] | 13A
West ada tion bands”
El'gygytgyn Russia | Gurov, Koeberl, Reimold, “irregular fractures, planar to subplanar fractures; quartz clasts <10 3b
Brandstatter, Amare [129 are weakly shocked (irregular fracturing)”
Gardnos Norway | Glass, French [81] “numerous subparallel planar fractures; a filling of dark glass” 2-8 4.15
Gweni Fada Chad Koeberl, Reimold, et al. “short shock extension fracture arrays; only irregular fracturing” | 5-8
Holleford Can- Bunch [118] “fracturing of rock material; numerous kink bands [bent or low [this paper] | 13B
ada curved]”
Kamil Egypt Fazio, Folco, D’Orazio, “melt injected into fractures; veins of meltglass; interstitial 5 Figs
Frezzotti, Cordier glass in quartz” 9e—f,12b—c
Kentland IN, Bunch [118] “fracturing of rock material; numerous kink bands [bent or low [this paper] | 13C
USA curved]”
Libyan Desert | Egypt Koeberl, Ferriere [130] “quartz grains with subplanar fractures; irregular fractures (only | ~7- 6b 12D
Glass a few subplanar fractures); decorated subplanar fractures” 10
Manicouagan Can- Bunch [118] “fracturing of rock material; numerous kink bands [bent or low [this paper]
ada curved]”
Manson IA, Bunch [118] “fracturing of rock material; numerous kink bands [bent or low [this paper] | 13D
USA curved]”
Meteor Crater | AZ, Glass, French [81] “numerous sets of subparallel fractures... a filling of dark glass; | 2-6 44,45,
USA irregular, subparallel fractures” 4.13,4.14
Middlesboro KY, Bunch [118] “fracturing of rock material; numerous kink bands [bent or low [this paper] | 13E
USA curved]”
Ries Ger- Engelhardt, Bertsch [131 “many glass-filled lamellae” 5 6, 14-16
many
Rochechouart | France | Hamers [94] “usually, the PDFs are straight..., but in some grains, they ~7- 2.2e
appear slightly curved” 10
Rock EIm WI, French, Koeberl, Cordua, “fractures, filled with dark material; fractures are virtually planar | <5 3a, 3c; 12
USA Plescia [31,132 [subplanar], and... closely parallel [i.e., subparallel]”
Vredefort S Bunch [118] “fracturing of rock material; numerous kink bands [bent or low - 12B
Africa curved]”
Wabar Saudi Bunch [118] “curved fractures; curved grains; silica glass occurs low
Arabia interstitially”

https://doi.org/10.1371/journal.pone.0319840.t001

Based on existing literature, we have adopted the term “shock fractures” because it has been used previously by

have used similar but different terminology for the same features, including “shock extension fractures” (SEFs) [141-145],
“vermicular microfractures” (i.e., wormlike) [142,144,146], and “intragranular fractures” [147,148].
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Glass-filled fractured quartz has been reported in other contexts besides known crater-forming events. Previous studies
identified the fractures associated with the Trinity atomic airburst, Meteor Crater [65], and widely separated YDB sites.
These other YDB sites include Abu Hureyra, Syria [18]; Flamingo Bay, South Carolina, USA [19]; Parsons Island, Mary-
land, USA [19]; Newtonville, New Jersey, USA [19]; and Aalsterhut, Netherlands (12,740-12,710 cal BP) [149], spanning
distances of up to 12,000 km. Additional studies have reported shocked quartz grains in YDB-age sediments from the
MUM 7B site in the Venezuelan Andes (12,787 +30 cal BP) [46] and near Ossendrecht, Netherlands (~13,200-12,870
cal BP) [150], but these lacked the robust analytical techniques needed to characterize shocked quartz fully. Despite this
limitation, previous studies have consistently proposed that glass-filled shocked quartz is present in the YDB layer but not
immediately above or below it.

To summarize, much literature exists describing subplanar, subparallel features similar to those in this study. Also, there
is a consensus among shocked quartz experts that these features result from shock metamorphism. Indeed, the quartz
fractures from our three sites are generally straighter than most of the curved examples in Fig 13, more closely resem-
bling classic PDFs and PFs.

All research, including this study, has found that non-shocked quartz fractures without glass filling are very common in
non-impact layers [66], but quartz fractures filled with melted silica have only been reported in impact layers. French and
Koeberl [31] commented on the importance of amorphous silica in studies of shock metamorphism: “amorphous or ‘glassy
phases... constitute another set of unique and distinctive criteria for the recognition of shock-metamorphosed rocks....”
Similarly, Bohor et al. [91] wrote, “the formation of quartz glass within fractures... allows a definitive distinction... between
these shock PDFs and [crucially] the glass-free dislocation trails marking slow tectonic deformation.” In addition, Zeng et
al. [151] wrote that “Amorphization bands in quartz are accepted as unique indicators of high shock pressures and there-
fore of meteorite impact events in geoscience.”

]

Experimental evidence for glass-filled, subparallel fractures

The following sections are adapted with permission from Hermes et al. [66], who investigated glass-filled, subplanar,
subparallel shock-fractured quartz from the Trinity atomic test in 1946 in Alamogordo, New Mexico; the Joe atomic tests in
1949 in Kazakhstan; and Meteor Crater in Arizona, United States.

Previous laboratory experiments investigated the conditions under which shock fracturing is likely to occur. Fazio et
al. [152] produced experimentally shocked quartz grains at low shock pressures and observed glass veins of amorphous
silica. Carl et al. [153] conducted experiments showing that extensive amorphization of quartz in fractured quartz begins
at ~10GPa. Kowitz et al. [142,147,154] produced fractured quartz grains when a steel plate was explosively driven into
cylinders of quartz-rich sandstone at various pressures and observed that visible shock fractures and amorphous silica
(~1.6 wt%) first appeared at ~5 GPa [142]. Kowitz et al. [154] also reported that “tensional fractures were observed in all
shock experiments.”

Christie et al. [109,155] performed laboratory experiments on milled quartz cylinders by generating slow-strain condi-
tions to produce glassy lamellae using a confining pressure of 1.5GPa and reported shock fractures filled with amorphous
silica. Importantly, Christie et al. [109] found no amorphous silica associated with naturally formed tectonic deformation
lamellae in quartz [92]. Wenk [66] performed multiple analyses of tectonic lamellae and, notably, never observed amor-
phous silica associated with tectonic lamellae in quartz grains.

Furthermore, we found experimental studies that produced glass-filled, subplanar, subparallel fracturing in quartz. This
search revealed 11 peer-reviewed papers by 27 authors, including established shocked quartz experts Reimold (5 arti-
cles), Kowitz (4), Langenhorst (2), Christie (2), and Stoffler (1), as described in Table 2 with photomicrographs in Fig 14.

Dr. John Christie [155] provided one of his experimentally produced thin-sectioned slides to Dr. Ted Bunch, who, in
turn, gave it to the authors, who imaged the slide for this study. The heavily fractured quartz was held together by melted
glass that allowed the sample to be thin-sectioned. Bunch [118] used crossed polars to confirm isotropy and SEM-EDS
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Fig 13. Optical images of subplanar, subparallel fractures in quartz from known craters. Yellow arrows mark selected “curved” lamellae and blue
arrows mark isotropic material, inferred to be “glass.” All images were acquired for this study from slides prepared and reported in several previous stud-
ies by Bunch [117,118], who concluded the presence of curved features that are shock-induced, producing extensive “fracturing of rock material’ with
numerous curved “kink bands.” [117,118] (A) Clearwater West crater, Canada. (B) Holleford, Canada. (C), Kentland, lowa, United States. (D) Manson,
lowa, United States. (E) Middlesboro, Kentucky, United States. (F) Meteor Crater, Arizona, United States. (G) Vredefort, South Africa. (H) Wabar, Saudi
Arabia.

https://doi.org/10.1371/journal.pone.0319840.9013
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Table 2. Experimental studies that reported subplanar, subparallel shock fracturing. List of 11 experiments. Includes direct italicized quotes
describing their results. Our added comments are in brackets. Estimated pressures (GPa) range from ~0.2 to 14.

Authors Authors’ quotes of subplanar and/or glass-filled shocked quartz Est. GPa | Original Fig | Our Fig
fractures produced experimentally

Christie, Griggs, Carter [118,155] | “[glass-filled] fractures; complex cleavage in quartz is very unusual if not ~2.5 1C 14A-D
unknown in naturally deformed quartz exclusive of meteorite impact sites”

Ebert, Kowitz, Schmitt, Reimold, | “fractured quartz ... melts were generated in situ at pores and fractures ... 2.5 1-9

Mansfeld, Langenhorst [156 SiO, glass vein”

Gratz, Tyburczy, Christie, “glassy veins... irregular fractures filled with glass; glass-filled, subplanar 12 --

Ahrens, Pongratz [110] zones”

Huffman, Reimold [157] “lower strain rate deformation produces TEM scale amorphization [i.e., 2 -
glass]; pristine glass in the PDFs [planar fractures]”

Kowitz, Schmitt, Reimold, Hor- “subplanar, intragranular fractures; dark vesicular melt (glass); short, irregu- | 5 4

nemann [154] lar, vermicular microfractures; tensional fractures”

Kowitz, Glldemeister, Schmitt, “intragranular and intergranular fractures; irreqular as well as subpla- 3 5

Reimold, Winnemann, Holz- nar, intragranular fractures (microfractures); short, irregular, vermicular

warth [147] microfractures”

Lambert [136] “some fractures in quartz... are irregular... randomly oriented; [some] frac- 14 6
tures occur before planar elements”

Mansfeld, Langenhorst, Ebert, “highly fractured quartz; irregular fractures; vein-like areas of amorphous 8 1

Kowitz, Schmitt [158] silica”

Martinelli, Plescia, Tempesta, “network of microcracks; open fractures; amorphous silica extruded from a 0.2 11

Paris, Gallucci [159 fracture”

Ogilvie, Gibson, Reimold, “random microfracturing of quartz; widely spaced and discontinuous frac- >2.5 3

Deutsch, Hornemann [137 tures; irregular intragranular and intergranular shock fractures; curviplanar

fractures, and partial isotropization; irreqular shock-induced fractures”

Stoffler, Gault, Wedekind, Pol- “Low-pressure ... cataclastic deformation of quartz, shock-fractured sand” <55 15
kowski [111]

https://doi.org/10.1371/journal.pone.0319840.t002

to confirm the glass’s composition as stoichiometric quartz. We subsequently used optical microscopy to identify glass-
filled, subplanar, and subparallel fractures and used crossed polars to confirm the glass’s isotropy (Fig 14).

In summary, multiple laboratory studies have produced amorphous silica within fractures at pressures >1.5 GPa. Most
studies concluded that high shock pressures dominantly produce planar, parallel lamellae, whereas low shock pressures
typically produce subplanar, subparallel fracturing, during which friction is proposed to cause melting. The limited research
to date indicates that mechanical low-grade shock can produce glass-filled, subplanar, subparallel fracturing. However,
additional shock research is needed, especially in low-pressure regimes, as noted by Reimold et al. [160], who wrote,
“The impact community is aware that there may be still undisclosed indicators of impact that need to be further character-
ized or discovered, especially in the low-shock pressure regime, and some groups have started to look for that in carefully
prepared pressure-calibrated experiments.”

Potential formation mechanisms for glass-filled fractured quartz

We have considered several potential mechanisms (e.g., anthropogenesis, tectonism, reworking from older impacts, and
cosmic airbursts/impacts) for forming the fractured quartz we have documented.

Non-impact tectonic deformation lamellae. These natural fractures in quartz are typically subplanar, subparallel,
and may appear superficially similar to some YDB fractured quartz grains. However, none have ever been shown to

of lamellae, whereas YDB fractured grains typically show two or more sets, possibly making multiple sets an impact
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Fig 14. Optical images of subplanar, subparallel fractures in quartz shock experiments. Yellow arrows mark selected “curved” subplanar lamel-
lae, and blue arrows mark selected isotropic material, inferred to be “glass.” (A-D) Shock pressure =2.5GPa. The slide from Christie [155] was given to
Bunch [118] and then to us. Note that all experimental images show glass-filled fractures that are generally aligned but are subparallel. Christie observed
that “complex cleavage in quartz is very unusual if not unknown in naturally deformed quartz exclusive of meteorite impact sites.” .

https://doi.org/10.1371/journal.pone.0319840.9014

indicator, as suggested by Reimold and Koeberl [144]. Regarding the lack of intragranular glass, authors of this and three
previous studies of YDB fractured quartz [18,19,66] collectively surveyed >20,000 non-YDB quartz grains and observed
none containing melted silica, although quartz grains with tectonic lamellae and natural open fractures were common.
Notably, Bohor et al. [91] emphasized that glass within quartz fractures is a definitive marker distinguishing shock PDFs
from non-shock tectonic deformation lamellae. Thus, such a lack of intra-lamellar glass makes tectonic deformation an
unlikely explanation.

Non-impact microcrystalline silica. Unmelted, amorphous silica can also be produced by several non-impact
processes resulting in a variety of materials, including hydrothermal quartz, quartz cement (hyalite), quartz overgrowth
(hyalite), opal, and melted silicious plant matter. However, the oxygen content in all of the amorphous silica in our
fractured grains we analyzed was consistently <53 wt%, the stoichiometric value for quartz, compared with the expected
66 wt% oxygen content of unmelted, hydrated silica, eliminating this possibility. Also, the glass filling in the YDB grains
lacks spherical micro-structures characteristic of opal [147,164]. This absence indicates that the fracture filling in YDB
grains cannot be chalcedony, agate, onyx, chert, or flint because SEM and TEM easily detect these forms of quartz.

Volcanism. Although Pt enrichments can result from volcanic eruptions [45,165], they are typically at lower
abundances than observed at YDB sites [45] and are only associated with non-shocked quartz. It is accepted that
volcanism cannot generate sufficient pressure to create shock metamorphism in quartz [166,167].

Reworking from older impact events. We also considered if the fractured quartz grains had been reworked from
an earlier cosmic impact event. However, none were observed in selected samples above or below the YDB layer. It is
implausible that proxies from a previous impact event were coincidentally concentrated precisely in the 12.8-ka YDB layer
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at three sites separated by up to 1500 km. Thus, these grains are most unlikely to have been reworked from an earlier
impact event.

Cosmic airburst/impact events. The K-Pg/Chicxulub cratering event produced abundance peaks for the same YDB
proxies found at the three sites in this study, and the 26 other known impact events in Table 1 also display one or more
of them: microspherules (e.g., Chicxulub crater [31] and Sudbury [31]), meltglass (e.g., Chicxulub [31] and Sudbury [31]),
nanodiamonds (e.g., Chicxulub [33] and Ries [34]), carbon spherules (e.g., Chicxulub [35]), aciniform carbon/soot (e.g.,
Chicxulub [36,37] and Manson [38]), platinum (e.g., Chicxulub [27] and Clearwater East [28], and iridium (e.g., Chicxulub
[27,30] and Clearwater East [28]). Although some individual proxies may result from non-impact processes, the entire
suite of proxies has only been found associated with known cosmic impact events and no other known time intervals in
the geologic record [39,40], suggesting an airburst/impact origin as a plausible hypothesis.

Possible airburst/impact-related mechanisms for the observed evidence

Based on previously presented research [1,10,11,14], we offer the following scenario: Earth passed through the trail of a
large comet, pieces of which caused multiple “contact” or “touch-down” events. During this event, the fireball, shockwave,
and small ejected fragments intersected the Earth’s surface, producing shocked quartz, meltglass, and spherules asso-
ciated with small, shallow, ephemeral craters. We further suggest the following details to explain the presence of PDFs,
PFs, and glass-filled subplanar fractures in YDB quartz grains at the three sites.

1. Formation of shock features

a. Fracturing by mechanical shock may occur when a compressive shockwave enters a quartz grain, exceeds its
elastic limit, and causes it to fracture into thin lamellae [31,81,168,169]. In this case, the YDB quartz grains display
classical planar deformation features (PDFs), planar fractures (PFs), and airburst/impact-related fractures.

b. Fracturing by shock extension (spallation) [116—118] occurs when a compressive shockwave enters a quartz grain
and reflects off the opposite grain boundary, producing a rarefaction (extension) wave that causes tensile fractur-
ing of the grain in the opposite direction.

c. Fracturing by thermal shock can occur when high temperatures cause sudden expansion followed by sudden
quenching, thus fracturing the quartz grain [31,81,168,169].

2. Formation of subplanar, subparallel fracture morphology

a. Two or more sets of planar shock lamellae can merge during an airburst/impact, resulting in curved lamellae
[118].

b. Asingle airburst/impact can cause planar fracturing that overprints pre-existing non-impact tectonic deformation
lamellae and other natural fractures, distorting any planar features into subplanar ones.

c. Nearly simultaneous impacts/airbursts by multiple bolides could produce successive planar fracturing episodes,
each overprinting the previous one, resulting in a subplanar pattern.

d. Tectonic movement along fault lines may have produced post-shock mechanical distortion of planar, impact-
shocked quartz grains [170] due to grain-on-grain pressures in sediment. However, this is unlikely for these three
shallow YDB sites.

e. Post-shock thermal alteration [144,171] may cause planar shocked quartz grains to undergo plastic deformation if
drawn into the high-temperature fireball of a near-surface touch-down airburst or cratering impact.

3. Formation of melted silica (glass) within fractures
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a. Shock compression of the quartz grains causes mechanical damage to the crystalline lattice, forming PDFs with
diaplectic glass. This can occur at approximately >5 GPa[142, 147, 148, 154, 172, 173] and <1713 °C, the melting
point of quartz.

b. Frictional melting may occur when impact pressures cause slippage of the quartz’s crystalline lattice [144]. This
can happen at <1713 °C, the melting point of quartz.

c. The updraft of a rising impact fireball may pull grains into the high-temperature plume, causing partial melting
along fractures. Most YDB grains are found in shallow, unconsolidated sediment rather than bedrock and, there-
fore, are more likely to become airborne during an energetic near-surface touch-down airburst.

d. The airburst/impact produces molten silica or silica vapor [22] that may be injected into impact-induced or
pre-existing fractures in a process called “jetting,” as proposed by Kieffer et al. [172,173] and Wakita et al. [174]
This occurs at >1713 °C, the melting point of quartz and often coats the outside of shocked quartz grains, as
observed at all three sites (Fig 6).

Based on the observed evidence, we infer that all the above mechanisms produced PDFs, PFs, and glass-filled frac-
tures at Arlington Canyon, Blackwater Draw, and Murray Springs.

Fragmentation of bolides during airbursts

Based on hydrocode modeling, West et al. [82] concluded that touch-down airbursts can eject numerous bolide fragments
from the fireball that strike the Earth with sufficiently high velocities, pressures, and temperatures to produce PDFs, PFs,
and glass-filled, subplanar shocked quartz. They also concluded that bolide fragments could strike the Earth’s surface and
produce small craters, but this conclusion conflicts with the interpretation of most studies that an incoming bolide is vapor-
ized during airbursts at all altitudes [175,176] with no fragments reaching Earth. However, although extensive vaporization
occurs during airbursts, observational evidence readily falsifies that conclusion. Consider the following airburst examples
in which multiple fragments reached Earth’s surface: (i) Chelyabinsk, Russia in 2013 occurred at a height of ~29.7 km
[175,177-180], where the exploding bolide ejected numerous meteorite fragments, two of which weighed 64.7 and 540 kg
[181], and the latter created an ~7-m diameter hole through the ice in a frozen lake. (ii) The airburst of the Tagish Lake
meteorite (4—6 m in diameter, weighing 56 tonnes) occurred ~29 km high above British Columbia, Canada, in January
2000. It produced an elliptical strewn field 5% 16 km long containing >10,000 fragments up to ~2.3kg, each reaching the
surface at terminal velocities [182,183]. (iii) Fragments of the Sikhote-Alin iron meteorite struck Siberia in 1947, distrib-
uting ~8500 pieces totaling more than 23,000kg across 1.6 square km, producing more than 100 impact craters ranging
from 0.5-26 m in diameter [184]. (iv) Argentina’s Campo del Cielo meteorite field contains >100 meteorites that formed
shock-generated craters in unconsolidated surficial sediments up to 26.5 m in diameter and 6 m deep.

Thus, fragmentation during airbursts is the norm, regardless of whether the airburst occurs at a high or low altitude.
Such fragments are typically widely dispersed and, thus, not readily detected in a buried event layer, such as the YDB,
although for recent events, the fragments are far more readily found on Earth’s land surface or ice sheets. Although
high-altitude airbursts occurring well above 10 km are statistically more common than touch-down airbursts, the airburst
material that reaches the Earth’s surface typically consists of small, low-velocity fragments. In contrast, touch-down
airbursts detonating at less than a few km with sufficient energy may interact with the Earth’s surface. The resulting
high-energy, high-velocity fragments can exert pressures and temperatures significant enough to create small craters,
melt and vaporize terrestrial sediment, and produce shocked quartz. Such touch-down events seem temporally rare based
upon the last few hundred years of human history but are estimated to recur every few millennia.

In contrast, passage through a comet’s debris trail will likely have a sufficiently wide distribution of sizes to include
many objects capable of producing numerous touch-down events. The range of possible bolide characteristics that lead
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to touch-down events that produce shocked quartz is unknown due to the lack of observational data. However, previous
hydrocode studies [66,82] suggest the conditions under which touch-down airbursts can produce shocked quartz, and the
requisite conditions are one of the critical issues that we have tested with the following model.

Hydrocode modeling for shock fractures

For this study, we first modeled airbursts using the Earth Impact Effects Program (EIEP) [185—-187], which has signifi-
cant uncertainties due to the current limited understanding of airbursts. Even so, the EIEP [186—188] is cited and used
in hydrocode simulations for impact modeling [189—193] and has been reported to produce consistent results [193].
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Fig 15. Visual representation of a touch-down airburst by a 100-m-wide cloud of comet fragments. The field of view is 2000 m wide. (A) When the
cloud of comet fragments is~1000 m above the surface (#1), atmospheric friction causes the impactor to deform into a pancake-like shape. At ~20ms,
the airburst explodes ~203 m above the surface, and the expanding cloud of fragments (#2) strikes Earth’s surface (#3). Comet fragments (red) expand
outward from the airburst’s center, creating a near-vacuum (white) inside the fireball. To illustrate evolution, the panel is a composite of two frames. (B)
At 60 ms, the airburst fireball continues to expand up to ~1000 m in diameter (#4). Small comet fragments (#5) strike the ground at ~30 km/s, sufficient to
produce shocked quartz. (C) At 150 ms, airburst fragments continue to strike the ground (#6) as they expand across >2000 m. The impacting fragments
disturb Earth’s surface across ~600 m (#7), producing small, multi-m-wide craters but no large crater. White areas represent near-vacuum conditions.

https://doi.org/10.1371/journal.pone.0319840.g015
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Following West et al. [82], we used the results from EIEP in all other key calculations with Autodyn-2D (Ansys, Inc.), a
hydrocode computer program previously used for modeling hypervelocity impact investigations [194—205]. We modeled
airbursts caused by a 100-m comet fragment with input values (e.g., equations-of-state and material parameters) provided
in Methods and Sl.

West et al. [82] reviewed various hydrocode programs, including Autodyn, commonly used for impact simulations
including iISALE, SOVA, SPH, CTH, and ALE3D, and then compared those models with physical experiments. Those
authors found Autodyn to agree very well with the other code models and the experimental results for crater-forming
impacts [208] and found Autodyn’s models consistent with the other codes and real-world experiments [208]. Baldwin et

A 100-m comet
Cloud of fragments

Fig 16. Pressure (kPa) for a touch-down airburst by a cloud of 100-m comet fragments. (A) #1 is the pancake-like cloud of comet fragments. At
~20ms, fragments from the expanding fireball (#2) strike Earth’s surface (#3) with pressures >0.4 GPa, sufficient to produce glass-filled shocked quartz.
To illustrate evolution, the panel is a composite of two frames. (B) At 60 ms, the 1000-m-wide fireball continues to expand through the atmosphere (#4),
and high pressure expands into the Earth (#5), where it reflects off denser bedrock in a reflection wave (#6). (C) At 150 ms, airburst fragments continue
to strike the ground (red at #7) with sufficient pressure to form small craters and produce glass-filled shocked quartz. The maximum pressure is~10GPa,
sufficient to produce planar deformation features (PDFs) in quartz (10-25GPa) [31,92].

https://doi.org/10.1371/journal.pone.0319840.9016
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al. [195] concluded that Autodyn replicated their laboratory impact experiments and, thus, employed the program to model
large planetary impacts. However, both studies above focused only on typical crater-forming impacts rather than airbursts.
Here, we used the same parameters as West et al. [82] to produce a hydrocode model for a large comet fragment
(Figs 15-17, Sl Fig S10 in S1 File), modeled at 100 m in diameter with a density of 1032 kg/m?, within the known range for
some comets [209]. Atmospheric entry velocity was 30 km/s with an entry angle of 90°. The modeled initial fragmentation
occurred at an altitude of 89.2 km, with cascading fragmentation resulting in a burst height of 203 m with a burst energy
of 57.9 Mt. The airburst fragments are modeled as an oval but, in actuality, they consist of a cloud of co-moving fragments

A 100-m comet
Cloud of fragments
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Fig 17. Temperature (K) for a touch-down airburst by a 100-m-wide cloud of comet fragments. (A) The pancake-like cloud of fragments is~1000
m above the surface (#1). At ~20ms, the expanding cloud of fragments (#2) strikes Earth’s surface at modeled temperatures >30,000K (#3). To illustrate
evolution, the panel is a composite of two frames. (B-C) From 60-150ms, the fireball continues to expand from ~1000 m (#4) up to ~2000 m in diameter
(#6). The temperature of >30,000K at Earth’s surface (#5, #7) is sufficient to melt sediment, produce spherules, and thermally warp quartz grains. This
high temperature is supported by previous measurements by Silber et al. and others [211-213], who reported infalling meteoroid temperatures ranging
up to 95,000K, and by Zhilyaev et al. [212] and Colonna et al. [214], who modeled temperatures of up to >100,000 K. However, these temperatures
persist for only a few seconds and, thus, are too transient to produce extensive surficial melting.

https://doi.org/10:137 1/journal.pone.0319840.9017
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and vapor that deforms into a pancake-like shape [186,210]. According to the online Impact Effects Program, the esti-
mated recurrence interval is~2500 years [185,187].

Videos illustrating various hydrocode models

These can be viewed at the links below, including animations for an 80-m asteroid, a 100-m comet, and a 140-m comet:

Temperature model for an 80-m asteroid: https://vimeo.com/932492911

Bulk failure model for an 80-m asteroid: https://vimeo.com/932493327

Temperature model for a 100-m comet: https://vimeo.com/932493018

Pressure model for a 100-m comet: https://vimeo.com/932492967

Temperature model for a 140-m comet: https://vimeo.com/932493192

Pressure model for a 140-m comet: https://vimeo.com/932493075

Visible representation of a 140-m comet: https://vimeo.com/932493248

In summary, the independent shock experiments and our modeling suggest that an airburst/impact origin for the YDB
glass-filled fractures is plausible, thus encouraging additional investigations. We propose the following scenario: multi-
ple bolide fragments struck Earth’s surface across one hemisphere, producing touch-down airbursts. Although most of
them vaporized, numerous small bolide fragments struck Earth’s surface with sufficient velocity to form multiple small,
multi-meter-wide, ephemeral impact craters, resulting in the following. (i) Fractures in quartz grains were produced
when the high-pressure, high-temperature shockwave and comet fragments caused both compression and tensioning
that melted silica along the fractures; (i) occasionally, the blast wave melted the outer surfaces of quartz grains and
injected molten silica or silica vapor into the fractures; (iii) after fracturing the grains, high-temperature thermal and
high-pressure shock caused random melting and plastic deformation of parts of quartz grains; and (iv) the fractured
grains were distributed laterally or drawn up into the plume to be distributed widely across at least one hemisphere.
Although there are statistically fewer low-altitude airbursts than high-altitude ones, importantly, they are more common
than crater-forming events [82].

Future work

Further research at Arlington Canyon, Blackwater Draw, and Murray Springs could refine the stratigraphic and chrono-
logical framework of YDB proxies and clarify their origins. At Arlington Canyon, high-resolution microstratigraphic sam-
pling and geochemical analyses may help distinguish primary deposition from post-depositional reworking and identify
the source of glassy materials. At Blackwater Draw, micromorphological studies of the black mat and direct dating of
shock-related proxies could further constrain the timing of peak abundances. Reanalysis of archived samples using
advanced techniques such as SP-ICP-MS or FIB-TEM may reveal previously undetected impact signatures. At Murray
Springs, lateral tracing of the YDB layer and integration with archaeological data may improve understanding of site
formation and human-megafaunal interactions at the YDB. Standardized, interlaboratory protocols across all sites would
enhance reproducibility and strengthen comparisons.

In addition, more distant sites might be analyzed for shocked quartz and other proxies to investigate the extent of the
proposed impact effects. For example, a parallel study of Sheriden Cave, Ohio, is ongoing; preliminary data suggests a
potential overlap of impact-related proxies with these three sites, pending complete analysis.

These efforts would contribute to a more comprehensive understanding of proxy formation and environmental change
at the Younger Dryas onset.
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Conclusions

Using multiple, widely used, high-resolution electron microscopy techniques (TEM, SEM, CL, and EBSD), we have
identified and described shocked quartz from the YDB layer at the onset of the Younger Dryas climate episode at three
key archaeological sites in the southwestern United States; Murray Springs, Arizona; Blackwater Draw, New Mexico; and
Arlington Canyon, California. This shocked quartz is similar to that reported for nuclear airbursts [66], Meteor Crater [66],
and other YDB sites in Syria [18], the eastern USA [19,215], the Netherlands [149,150], and Venezuela [46]. Many of
these shocked quartz grains show evidence of exposure to temperatures exceeding the melting point of quartz (1713 °C),
with parts of some grains remaining amorphous while others recrystallized. Previous studies have concluded that melted
silica within shock fractures or lamellae indicates airburst/impact-related shock metamorphism, and thus, if our interpreta-
tion is correct, then the YDB grains we observed can be formed as “thermally and mechanically shocked quartz.”

The Younger Dryas Impact Hypothesis (YDIH) posits that near-surface touch-down airbursts deposited a diverse suite
of airburst/impact-related materials at these three sites and elsewhere over North America [1,10,19]. While this interpreta-
These new data provide strong support for the hypothesis that a cosmic impact event approximately 12,800 years ago
played a significant role in three major concurrent events:

1. The simultaneous deposition in a discrete layer of peak abundances in glass-filled shocked quartz, microspherules,
meltglass, nanodiamonds, carbon spherules, platinum, iridium, and soot/aciniform carbon.

2. The coeval extinction of numerous North American megafaunal taxa, including mammoths, mastodons, saber-toothed
cats, and other large mammals.

3. The sudden collapse/reorganization of the North American Clovis technocomplex with an associated human population
decline, marking a significant transition in human prehistory.

Our discovery of glass-filled shocked quartz at the three sites has profound archaeological and paleontological impli-
cations. These sites are among the best-documented in North America, each providing crucial evidence of an inter-
relationship between the collapse of the Clovis technocomplex and the extinction of the megafauna. The presence of
airburst/impact-related materials at these key locations strengthens the temporal and spatial link between the proposed
cosmic event and major ecological and cultural changes. By connecting the physical evidence of an impact event with
well-established archaeological and paleontological records, our findings contribute to a more comprehensive understand-
ing of this critical period in Earth’s recent history. This research sheds light on past events and provides insights into the
potential global effects of cosmic impacts on climate, ecosystems, and human societies.
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